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We demonstrate an all-optical method for manipulating the magnetization in a 1–mm YIG
(yttrium-iron-garnet) sphere placed in a ∼ 0.17 T uniform magnetic field. An harmonic of the
frequency comb delivered by a multi-GHz infrared laser source is tuned to the Larmor frequency
of the YIG sphere to drive magnetization oscillations, which in turn give rise to a radiation field
used to thoroughly investigate the phenomenon. The radiation damping issue that occurs at high
frequency and in the presence of highly magnetizated materials, has been overcome by exploiting
magnon-photon strong coupling regime in microwave cavities. Our findings demonstrate an effective
technique for ultrafast control of the magnetization vector in optomagnetic materials via polariza-
tion rotation and intensity modulation of an incident laser beam. We eventually get a second-order
susceptibility value of ∼ 10−7 cm2/MW for single crystal YIG.
Introduction.—Nonthermal control of spins by short
laser pulses is one of the preferable means to achieve ul-
trafast control of the magnetization in magnetic materi-
als [see 1, and references therein], representing a break-
through in potential applications ranging from high den-
sity magnetic data storage [2], spintronics [3], to quantum
information processing [4, 5]. One of the most interesting
opto-magnetic mechanisms that allows for coherent con-
trol of the magnetization in materials is the Inverse Fara-
day (IF) effect, a Raman-like coherent scattering process
that entails the generation of a magnetic excitation (i.e.
magnon) in a medium undergoing the action of high–
intensity optical pulses. As it does not require absorption
and takes place on a femtosecond time scale, it stands
out as a promising mechanism to control the magnetiza-
tion at high speeds. This principle has been successfully
applied in dysprosium orthoferrite (DyFeO3) with iso-
lated femtosecond laser pulses, that act as magnetic field
pulses of a 0.3 T amplitude [6]. By way of the IF effect,
vector control of magnetization in another antiferromag-
netic crystal was also demonstrated by varying the delay
between pairs of polarization-twisted ultrashort optical
pulses [7]. In this work we introduce a new approach in
opto–magnetism based on multi-gigahertz repetition rate
lasers with optical carrier f0 [8]. The power spectrum of
such mode-locked laser sources, as detected by ultrafast
photodiodes, is a frequency comb that consists of several
harmonics nfr, where fr is the repetition rate and n is a
small number.
Their gaussian envelope is determined by the optical
pulse temporal profile [9]. For example, our 4.6 GHz
passively mode-locked oscillator delivers ∼10 ps-duration
pulses that give rise to a frequency comb up to 100 GHz,
and the first three harmonics have approximately the
same amplitude. In principle, any harmonic of the comb
can coherently drive the magnetization in the steady
state through the process described in the present work,
provided it is tuned to electron spin resonances (ESR) of
the magnetized material.
We study the spin dynamics in a hybridized system
which consists of two strongly coupled oscillators, i.e. a
microwave cavity mode and a magnetostatic mode re-
lated to ferromagnetic resonance (FMR) with uniform
precession [10] of a single crystal yttrium-iron garnet
Y3Fe5O12 sphere. Magnetic garnets [11, 12] represent
the ideal materials for such investigations for several rea-
sons, including the possibility to realize large magneto-
optical effects due to their strong spin-orbit coupling and
intrinsically low magnetic damping [12–14].
We succeed to optically drive the precession of the
spins electro-dynamically coupled to the cavity photons
with the first harmonic of the train of pulses at fr tuned
to one of the hybrid system’s resonant frequencies. The
process gives rise to a microwave field that is measured
with a loop antenna critically coupled to the cavity mode.
In this way, we have identified a new observable for
the spin precession to explore opto-magnetic phenom-
ena. So far, experiments in this field were performed
with pump-probe apparatus based on femtosecond lasers
[1, 7, 12, 15].
As it is well known, at very high values of frequency
and magnetization, the energy radiated from oscillating
magnetization through magnetic dipole radiation can be
an issue for the dynamic control of the magnetization.
For instance, in a polarized 1–mm YIG sphere with lin-
ear susceptibility χ ∼ 30, the onset of radiation damping
occurs at ∼ 10 GHz [16]. However, radiation damping
mechanism can be conveniently suppressed in the mi-
crowave cavity-QED and strong coupling regimes [16, 17],
as we detail in the following for hybridized systems.
Moreover, under remarkable conditions of hybridization,
we get the control of relevant experimental parameters
such as the number of spins, rf absorbed power, and the
involved relaxation times. System hybridization is how-
ever not essential to observe the phenomenon described
in the present work. In fact, we succeed in controlling the
magnetization also in free space, but under experimental
conditions that do not allow for accurate modeling.
Hybridized system characterization.— Strong interac-
tion between light (i.e. photons stored in a cavity) and
magnetized materials has been accomplished in several
experiments that are paving the way toward the develop-
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2ment of quantum information technologies [18–20]. Hy-
bridization is commonly investigated by measuring the
microwave–cavity transmission spectrum as a function of
the static magnetic field, as summarized in Fig. 1 for our
experimental setup, even though, very recently, some au-
thors have reported electric detection via spin pumping
[21]. A YIG sphere made by Ferrisphere Inc. with a ra-
(a) (b)
z
x
FIG. 1. Hybridizing magnons and microwave photons. (a)
Cavity transmission spectrum measured as a function of the
static magnetic field at room temperature. (b) Simulated
magnetic–field distribution of the TE102 cavity mode. A
static magnetic field Bext is applied normal to the xz plane,
and the microwave magnetic field at the YIG sphere (in black
and not to scale in the representation) position is perpendic-
ular to the static magnetic field. The color map represents
the amplitude of the cavity magnetic field normalized to its
maximum value.
dius of 1 mm is mounted at the center of a 3D rectangular
microwave cavity with dimensions 98× 42.5× 12.6 mm3.
The cavity made of oxygen free copper has the TE102
mode frequency ωc/2pi ' 4.67 GHz, and its internal cav-
ity loss κint. This cavity has two ports characterized by
the coupling coefficients κ1 and κ2 to the considered cav-
ity mode. The sphere is glued to an alumina (aluminum–
oxide) rod that identifies the crystal axis [110], perpen-
dicular to the static magnetic field Bext (y axis) and par-
allel to the TE102 microwave magnetic field lines lying
on the xz plane. Due to the strong coupling between the
cavity mode and FMR mode an avoided crossing occurs
when their resonant frequencies match. As derived in
the input–output theory context [17, 20], when the static
magnetic field is tuned to drive the magnons in resonance
with the cavity mode TE102, the measured transmission
coefficient can be written as
S21(ω) =
√
κ1κ2
i(ω − ωc)− κc2 + |gm|
2
i(ω−ωFMR)−γm/2
, (1)
where ωFMR and γm are the frequency and linewidth of
the FMR mode, κc/2pi = (κ1 +κ2 +κint)/2pi is the total
cavity linewidth, and gm is the coupling strength of the
FMR mode to the cavity mode. The latter parameter is
proportional to the square root of the number of precess-
ing spinsNs, i.e. gm = g0
√
Ns, where g0 = γe
√
µ0~ωc/Vc
is the coupling strength of a single spin to the cavity
mode, with γe = 2pi × 28 GHz/T electron gyromagnetic
ratio, µ0 permeability of vacuum and Vc is cavity volume.
As discussed in the seminal paper of Bloembergen and
Pound [16], the poles at the anti–crossing point ωFMR =
ωc ≡ ω0 are given by
p±= i
(
ω0±
√
|gm|2−[(κc − γm)/4]2
)
−1
2
(
kc
2
+
γm
2
)
, (2)
and their imaginary and real parts represent the frequen-
cies
ω± = ω0 ±
√
|gm|2 − [(κc − γm)/4]2
and the linewidths γ± = 1/2(kc + γm) of the hybridized
modes, respectively. From eq. 2 hybridization clearly oc-
curs only if |gm|2 − [(κc + γm)/4]2 > 0 and, as a con-
sequence, hybridized modes have the same decay time,
independent of the sample or cavity volume and cou-
pling strengths, i.e. τ¯ ≡ τ± = (2/τc + 2/τ2)−1, where
τc = 2/κc and τ2 are the loaded cavity decay time and the
spin–spin relaxation time, respectively. In the absence of
hybridization, the term under square root in eq. 2 is neg-
ative and thus the poles have the same frequency ω0,
with two relaxation times τc and τ
∗ = (1/τr + 1/τ2)−1,
that correspond to the damping of the cavity mode and
magnetization mode in the presence of radiation damping
τr = κc/2/|gm|2.
In our experimental apparatus for Bext ' 0.17 T we
achieve a strong coupling regime with gm/2pi = 57 MHz,
thus the involved precessing spins are Ns ∼ 1020. Along
with the mode frequencies f+ = 4.7247 GHz and f− =
4.6677 GHz, the fit of the measured S21 coefficient to eq. 1
gives the mode decay times τ¯ ' 65 ns of the hybridized
system, compatible with the value of τ2 provided by the
manufacturer and the measured τc.
Photoinduced magnetization.— Once the hybrid sys-
tem has been characterized, the experimental appara-
tus illustrated in Fig. 2 is used to investigate the opto–
magnetic phenomenon. The 7.2 ps–duration, 1.55µm–
wavelength laser pulses are obtained at the idler output
of an optical parametric oscillator (OPO), synchronously
pumped by the second harmonic of a MOPA (master os-
cillator power amplifier) laser system that has been de-
scribed elsewhere [23]. It is important to note that we
are exploiting a non absorptive mechanism as the opti-
cal wavelength is within the YIG transparency window
(1.5 − 5µm). The beam waist at the YIG position is
1.28 mm, and the average intensity of the incident pulses
is 2.4 MW/cm2, obtained within < 1µs–duration macro–
pulses.
In Fig. 3 we demonstrate the all–optical coherent con-
trol of the magnon–photon mode at f− = 4.67 GHz by
employing a train of laser pulses with repetition rate fr
tuned to f−. The rise and decay time of the microwave
pulse registered at the oscilloscope agrees with the mode
decay time τ¯ = 65 ns we get through the S12 measure-
ments within experimental errors. The duration of the
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FIG. 2. Schematic representation of the experimental ar-
rangement. The 1064 nm–wavelength macro–pulse delivered
by a MOPA laser is frequency–doubled (SH) to synchronously
pump an optical parametric oscillator (OPO). The laser rep-
etition rate, macro–pulse uniformity and energy are moni-
tored at an InGaAs ultrafast photodiode (UPD), a coaxial
waveguide device WM [22] and bolometer B respectively. The
809 nm OPO output beam intensity profile is adjusted at a
digital laser camera LC. To make sure that only emission at
1550 nm impinges on the YIG sphere, several optical filters are
inserted in the beam path. CGF is a 610 nm longpass colored
glass filter, F transmits λ > 1500 nm and M is a 1064 nm, high
reflectivity dielectric mirror. HS (harmonic separator) is a di-
electric mirror that transmits 1064 nm wavelength and has a
high reflectivity for 532 nm whereas DM is a 1000 nm–cutoff
wavelength dichroic mirror. The microwave field generated
during the magnetization precession is detected by means of
an antenna critically coupled to the TE102 mode and con-
nected through a short transmission line to a 39 dB–gain am-
plification stage A. The amplified signal is finally registered
at a 20 GHz sampling oscilloscope.
optical excitation is set to a value of te ' 0.5µs > τ¯ al-
lowing us to control the system in its steady state. This
differs from previous studies in opto–magnetism which
were focused on the transient optical control of the mag-
netization via single femtosecond laser pulses [see 1, and
references therein]. Moreover, the YIG magnetization
precesses in phase with the laser pulses, as demonstrated
by juxtaposition in Fig. 3 (c) of the signal generated in the
microwave cavity and the output of the laser macro–pulse
monitor WM, i.e. a coaxial waveguide hosting a nonlin-
ear crystal in which microwaves are generated through
optical rectification [22]. Another important signature
of the coherent precession of the magnetization is also
shown in Fig. 3 (d), where the amplitude of the Fourier
transform of the microwave signal is plotted for different
values of the laser repetition rate fr. The data are fitted
to a lorentzian curve that takes into account the convolu-
tion between the optical excitation and the profile of the
hybridized mode at 4.6711 GHz. As shown in Fig. 3 (b),
the spectral component f+ is also excited but with a
much smaller strength. These results, combined with the
-0.1
-0.05
0
0.05
0.1
-0.04
-0.02
0
0.02
0.04
0 200 400 600 800
cavity - hybrid system
macropulse monitor 
V C
 (V
) VM  (V)
time (ns)
(a)
-140
-120
-100
-80
-60
-40
-20
4.55 4.6 4.65 4.7 4.75 4.8
A 
(a
.u
.)
frequency (GHz)
(b)
390 390.5 391 391.5 392
-0.1
-0.05
0
0.05
0.1
-0.04
-0.02
0
0.02
0.04
time (ns)
V C
 (V
) VM  (V)
(c)
0
2
4
6
8
10
4.64 4.65 4.66 4.67 4.68 4.69
A 
(a
. u
.)
frequency (GHz)
(d)
FIG. 3. (Color online) Optically-driven spin precession in the
time and frequency domain. (a) Oscilloscope traces displaying
both the amplified signal VC detected in the microwave cav-
ity hosting the YIG sphere (blue) and the output VM of the
laser macro–pulse monitor (red). (b) Fourier transform am-
plitude spectrum of the microwave signals displayed in (a).
The logarithmic scale is used for the vertical axis. (c) 2 ns–
duration zoom out of (a) showing the magnetization precess-
ing synchronously with the laser pulses. (d) Tuning the laser
repetition rate to the hybridized frequency f−.
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FIG. 4. (a) Amplitude of the microwave signal in the cavity as
a function of the laser polarization angle. (b) Magnetization
dependence on the laser intensity.
assessment of stationary precession of the macroscopic
magnetization, unambiguously show that each macro–
pulse acts as an effective microwave field on the ensemble
of strongly correlated spins of the FMR mode.
Discussion.— To confirm the nonthermal origin of the
laser–induced magnetization precession and definitely at-
tribute the observed opto–magnetic phenomenon to the
IF effect, we investigated the dependence of the mi-
crowave signal amplitude on the laser polarization [1]
and the results are reported in Fig. 4 (a). Owing to the
strong anisotropy of the magnetic susceptibility of YIG,
the time–dependent magnetization vector M is not ex-
pected to be parallel to the wave vector k as is the case for
IF in isotropic medium and circularly polarized light. Ac-
4tually the observed magnetization precession is induced
by a second–order process conveniently described by a
third–rank, axial time–odd tensor χ
(2)
ijk, provided that k
is orthogonal to the [1 1 0] crystal direction d [7]. As the
reference system axes x and y coincide with k and d di-
rections, the photoinduced magnetization lies in the yz
plane and reads
Mi =
∫
dω χ
(2)
ijkE
?
j (ω)Ek(ω) , (3)
where i = 2, 3, and E2(ω) = E(ω) cosϕ and E3(ω) =
E(ω) sinϕ; here E(ω) is the Fourier transform of the
laser electric field and ϕ is the polarization angle of the
incident light with respect to the y axis. Due to well–
known symmetries of second–order susceptibility [1], the
non–vanishing components of χijk are χ233 = −χ222 =
χ332 = χ323 ≡ Ξ(ω) and equation 3 gives the components
Mz =
∫
dω Ξ(ω)|E(ω)|2 cos 2ϕ (4)
My =
∫
dω Ξ(ω)|E(ω)|2 sin 2ϕ. (5)
Around the hybridized mode frequencies ω±, the real and
imaginary part of the complex susceptibility Ξ(ω) can be
approximated by absorption Ξ(ω)′′ and dispersion Ξ(ω)′
components of magnetization [24]. In particular, at work-
ing frequency ω− we have only absorption with no disper-
sion, hence the susceptivity Ξ(ω−) = Ξ0 ω−τ¯ /2 becomes
real, and does not affect the magnetization direction.
Thus the fulfillment of resonant condition also allow us
to simplify the geometric description of the photoinduced
magnetization vector. Indeed, to explain the 4–fold pe-
riodicity of the plot displayed in Fig. 4 (a) we only need
to realize that the cavity selects the Mz ∝ cos 2ϕ compo-
nent via its geometric projection on TE102 mode (i.e. the
z direction as shown in Fig. 1), and that the critically
coupled antenna cannot distinguish between parallel and
antiparallel orientation of Mz. Therefore the detected
magnetization signal must be proportional to | cos 2ϕ|, as
confirmed by the fit to the data in Fig. 4 (a). Figure 4 (b)
shows instead the linearity of the measured spin oscilla-
tions amplitude as a function of the pump laser intensity,
in agreement with eq. 3 as well.
The strength of the effective microwave field Beff that
drives the Mz precession can be estimated thanks to the
peculiar dynamics of hybridization. In general, the ab-
sorbed power in stationary conditions by a magnetized
sample [24] is given by
Pa = Vs
〈
−B · dM
dt
〉
,
where 〈·〉 denotes the time average over one period.
Moreover, at resonance and for a critically coupled in-
ductive loop, the measured power in the microwave cav-
ity is Pa/2. In our experimental conditions, the absorbed
power by the YIG crystal at the frequency ω−
Pa = Vs Ξ0 ω
2
− τ
B2eff
µ0
(6)
is written in terms of quantities that are measured or fit-
ted to the data, so that the second–order susceptivity can
be readily estimated through Ξ0 = Paµ0/(Vs ω
2
− τB
2
eff),
where Beff represents the laser induced effective mag-
netic field. Due to 1/f dependence of the power spec-
trum generated by downconversion of the picosecond fre-
quency comb, the infrared optical field average amplitude
Bl =
√
µ0I/c = 10 mT, at fo ' 190 THz optical fre-
quency, is suppressed to Beff = 2.5 × 10−5BI = 0.25µT
at f− ∼ 4.7 GHz. With Pa = 3 nW estimated from the
plots reported in Fig. 3, we eventually get Ξ0 ∼ 10−7
cm2/MW.
In summary, our experimental and theoretical ap-
proach provides a purely optical, flexible technique to
manipulate the magnetization vector in YIG via polar-
ization rotation and intensity modulation of the incident
laser beam. Remarkably, the maximum control speed of
this process is only limited by the bandwidth of currently
available electro-optic devices. Unlike the ingenious op-
tical method described in reference [7], here the mode-
locked pulses impinging on the magnetized material allow
for operation of the system in the steady state, opening a
path on the ultrafast laser control of hybridized magnon-
photon systems. It is worth mentioning that commer-
cially available compact ultrafast oscillators with 200 pJ-
energy output pulses [25] may foster applications of the
present method in the opto–magnetism field.
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